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The  concept  of  hydrogen  bonding  as  a  specific  interaction  paved  the  way  for  synthetic 
receptor  synthesis  and  programmed  self-organization  and  supramolecular  synthesis  based 
upon  the  recognition  of  the  hydrogen  bond  active  sites  of  two  or  more  subunits.  The 
nature  of  any  newly  obtained  species  will  depend  upon  the  information  stored  in  the 
parent  compounds.  Molecular  engineering  approaches  to  the  synthesis  of  new  organic 
solid  state  materials  may  replace  techniques  such  as  microlitography  and  vapor 
deposition. 

The  goals  of  our  studies  are: 

Control  over  the  symmetry  of  molecular  assemblies  in  three  dimensional  structures 
through  control  over  the  site-symmetry  of  molecular  self-  and/or  hetero-aggregates. 

Control  and  optimization  of  the  orientation  of  charge  transfer  axes  toward  optical 
directions  in  the  crystals  for  NLO  applications. 

Among  the  symmetry  elements  determining  the  space  groups  in  organic  molecular 
crystals,  the  inversion  center  plays  a  pivotal  role.  Indeed,  its  absence  is  an  absolute 
prerequisite  toward  nonlinear  effects.  Thus,  we  have  undertaken  the  effort  to  examine 
systematically  the  relationships  between  the  molecular  and  crystalline  symmetry.  In  order 
to  clarify  these  relationships,  the  following  notation  will  be  used:  small  letters  will 
represent  molecular  point  group  types,  capital  letters  crystal  point  group  types. 

Type  a  (or  A)  denotes  the  presence  of  direct  rotation  axis  only. 

Type  m  (or  M)  denotes  the  presence  of  mirrors  (plane  of  symmetry)  or  inverse  4- 
rotation,  and,  eventually,  the  presence  of  direct  rotation  axis. 

Type  i  (or  I)  characterizes  the  presence  of  inversion  center  among  the  group 
elements. 
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In  our  design  effort,  we  seek  to  replace  the  inversion  center  I  in  the  crystal  for  another 


*r  Coda# 


symmetry  element  A  or  M, 


•  ia\ 


Results: 


Our  specific  goals  are  to  design  and  synthesize  urea  based  cocrystals  in  which  the  twofold 
symmetry  and  hydrogen  bond  characteristics  of  the  urea  molecule  guide  the  self¬ 
organization  into  noncentrosymmetric  motifs.  The  two-fold  symmetry,  bifunctionality  and 
high  density  of  hydrogen  bonds  make  the  urea  molecule  ideal  for  the  approach  as  these 
factors  may  ovenide  the  influence  of  dipolar  forces  which  tend  to  favor  centrosymmetric 
lattices. 

Figure  1  depicts  the  unique  structural  aspects  and  symmetry  of  the  urea  molecule:  urea  is 
bi-functional,  i  *  ;  it  can  serve  as  both  proton  donor  and  proton  acceptor,  it  is  tiat  ana 
possesses  a  2-fold  axis  and  a  mirror  plane,  and  contains  four  proton  donor  sites  and  one 
oxygen  accepting  site.  However,  the  oxygen  site  can  accept  up  to  four  hydrogen  bonds 
arranged  with  local  C2v  symmetry.  The  hydrogen  bond  acceptor  and  donor  sites  are 
sterically  accessible  and  can  provide  a  directing  influence  over  the  aggregate  symmetry. 


Fig.  1 .  Spatial  orientation  of  the  hydrogen  bond  activity  of  urea  molecule 
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We  have  synthesized  and  studied  the  structures  of  10  cocrystals  of  urea  with  dicarboxylic 
acids: 

Urea/Succinic  -  (2:1) 

Urea/Maleic  -  (1:1),  (1:2)  and  (2:1)  cocrystals 
Urea/Fumaric  -  (2:1) 

Urea/Glutaric  -  (1:1)  and  (2:1)  cocrystals 
Urea/Adipic  (1:1)  and  (2:1)  cocrystals 
Urea/Azelaic  (1:1)  and  (2:1)  cocrystals 

The  most  important  structural  data  are  collected  in  Tables  1,  2  and  3. 

As  shown  in  scheme  1  the  symmetry  of  the  aggregate  chains  is  controlled  by  the 
symmetry  of  the  urea  molecule,  the  number  of  carbon  atoms  in  the  acid  chain  (odd,  even), 
and  the  stoichiometric  ratio  of  the  parent  compounds.  The  only  case  where  no  inversion 
center  is  introduced  into  aggregate  chains  is  in  the  1:1  urea/dicarboxylic  acid  complex,  in 
which  the  acid  has  an  odd  number  of  carbon  atoms. 


1 : 1  Urea/Dicarboxylie  Acids 
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Scheme  1.  Symmetry  control  in  urea/dicarboxylic  acid  hetero-aggregate  chains 
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Scheme  2  and  3  depict  the  hydrogen  bond  motifs  of  the  heteroaggregates  in  1:1 
urea/dicarboxylic  acids  with  n-  odd  or  even  number.  Only  two  accepting  and  two 
donating  abilities  of  urea  are  used  to  form  polar  chains.  However,  as  it  was  already 
mentioned,  urea  is  capable  of  accepting  4  donors  and  4  acceptors.  These  additional 
hydrogen  bond  capabilities  are  used  in  order  to  form  2-D  and  3-D  networks  (see  Fig  2,  3), 
which  are  not  necessarily  acentric. 
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Scheme  2.  Hydrogen  bond  connectivity  pattern  in  heteroaggregate  1 : 1  urea/succinic  acid 
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Scheme  2  Hydrogen  bond  connectivity  pattern  in  hetero-aggregate  1:1  urea/glutaric  acid 
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Schemes  4  and  5  depict  the  connectivity  pattern  of  the  hydrogen  bonded  hetero¬ 
aggregates  (chains)  in  2:1  urea/dicarboxylic  acids  extended  to  next  hetero-aggregates 
(chains)  to  form  2-D  and  3-D  hydrogen  bonded  networks.  In  all  crystals  with  n-odd 
number  of  carbon  atoms,  the  hydrogen  bonded  chains  assemble  into  2-D  layers  (flg.2). 
However  in  cocrystals  with  n-even  number  of  C-atoms,  the  hydrogen  bonded  chains  are 
arranged  in  a  complex  3-D  networks  (fig  3). 
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Scheme  6.  Hydrogen  bond  connectivity  pattern  in  hetero-aggregate  2: 1  urea/glutaric  acid 


6 


WAW^ 


™ 

vs^  '-W* 


Fig.  2b  Stereoview  of  the  two  dimmensionai  molecular  layer  depicting  the 

hydrogen  bond  connectivity  patterns  in  1:1  urea/glutaric  acid  cocrystal 
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Fig.  3a. 


Fig  3b. 


Two  dimmensional  hydrogen  bond  connectivity  patterns  in 
2: 1  urea/succinic  acid  cocrystal. 
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Three  dimmensional  hydrogen  bond  connectivity  patterns 
in  2:1  urea/succinic  acid  cocrystal. 
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Interesting  class  of  cocrystals  appear  to  be  the  urea  complexes  with  maleic  acid.  We  have 
synthesized  and  characterized  by  FTIR  and  NMR  and  melting  points  three  different 
cocrystals  (1:1,  1:2  and  2:1  urea/maleic  acid)  (fig  4,  5).  The  weak  C-H...0  and  C-H...N 
bonds  play  significant  role  for  stabilizing  the  structure  of  those  crystals.  Fach  two 
hydrogen  bonded  molecular  hetero-aggregates  (1:2  urea  maleic  acid)  form  a 
centrosymmetric  super-aggregate  through  weaker  N-H...0  bonds,  which  in  turn  are 
combined  through  numerous  C-H...0  bonds  into  a  nonpolar  molecular  sheets.  In  the  1:1 
complex  the  strongest  0-H...0  and  N-H...0  interactions  are  used  to  form  weakly  polar 
chains.  The  y-components  of  urea  dipole  moments  cancel  in  the  3-D  networks,  but  the  x- 
and  z-  components  are  non-zero.  The  chains  are  connected  into  polar  sheets  by  weaker  N- 
H...0  bonds.  Additional  weak  C-H...0  bonds  control  the  molecular  forces  between  the 
sheets.  This  fact  is  very'  likely  to  be  decisive  for  the  noncentrosymmetric  arrangement  of 
1:1  urea/maleic  acid  molecular  aggregates  in  a  noncentosymmetric  3-D  networks. 
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Fig.  4.  Stereoview  of  1:2  urea/maleic  acid  hetero-aggregate  (a)  and  the  hydrogen 

bonded  molecular  layer  (b). 
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TABLE  2  Crystallographic  data  for  the  most  important  molecular  bondlengths  (A) 
in  urea  and  some  urea  cocrystals. 
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TABLE  1  Space  groups  and  melting  points  for  urea/dicarboxylic  acid  cocrystals. 


•"2  o" 

C3 

U 


=  8  g- 


NiS 


M 


TD  0 


■SH 

U 


38a 


-si 

•  .  Oh  U 

i— i  C/D  00 


o  O 

<  CJ 


It-6 

u 


§ 


=  8  §• 

«J  o 

•  •  (X  fc-4 

CM  C/D  <50 


00 

o 


) 

in 

o 


CM 

a. 


in 

O  _ 
T  Qn 


00 

00 


^  00 


On 

OO 


o  oo 

H- I 


r-~ 

oo 


n  ^ 

U  Oh 


CJ  a. 


+  + 


oo  oo  oo 

(SON 


i  i  i 

in  no  r- 
N  O  N 


o 


I 

ON 

ON 


o  o 


o 


o 


Cu 


CM 

CU 


CM  CM  rs 
Oh  +  U  Oh  + 


.0 


c 

«.§ 

x  J2 

o  s 


O  o  O 

*3  '£  O  c 

ej  {H  1)  *3 
O  C 
3  .=> 

c/d 


o  -H 


CJ 


3  5 


3  3 
8  8 
D  D 


>  s  « 


Cu 

T3 

< 


4) 


Cfl  ^  (0 


8  8!° 


<U 


Oh 

w 

D 


S3 

jd  aj 
3  N 
00  < 

>> 
H  8 
3  D 


ORGANIC  CHEMISTRY  &  MOLECULAR  RECOGNITION  -  Distribution  List 


Professor  O.T.  Beachley,  Jr. 
Department  of  Chemistry 
State  University  of  New  York 
Buffalo,  NY  14214 

Dr.  Alan  Berry 

Chemistry  Division,  Code  6120 
Naval  Research  Laboratory 
4555  Overlook  Avenue,  SW 
Washington,  DC  20375-5000 

Professor  Jerald  S.  Bradshaw 
Department  of  Chemistry 
Brigham  Young  University 
Provo,  UT  84602 
R&T  Code  413p002 

Professor  Ronald  Breslow 
Department  of  Chemistry 
Columbia  University 
New  York,  NY  10027 
R&T  Code  413p005 

Dr.  Duncan  W.  Brown 
Advanced  Technology  Materials,  Inc. 
520-B  Danbury  Road 
New  Milford,  CT  06776 

Professor  Herbert  C.  Brown 
Purdue  University 
Department  of  Chemistry 
West  Lafayette,  IN  47907 

Professor  Steven  L.  Buchwald 
Department  of  Chemistry 
Massachusetts  Institute  of  Tech 
Cambridge,  M A  02139 

Professor  Cynthia  J.  Burrows 
Department  of  Chemistry 
State  University  of  New  York  at 
Stony  Brook 

Stony  Brook,  NY  11794-3400 

Dr.  Roque  J.  Calvo 
Executive  Secretary 
1  ne  Electrochemical  Society 
10  South  Main  Street 
Pennington,  NJ  08534-2896 

Professor  Peter  Chen 
Department  of  Chemistry 
Harvard  University 
Cambridge,  MA  02138 


Professor  N.  John  Cooper 
Department  of  Chemistry 
University  of  Pittsburgh 
Pittsburgh,  PA  15260 

Professor  Anthony  W.  Czamik 
Department  of  Chemistry 
Ohio  State  University 
120  West  18th  Avenue 
Columbus,  OH  43210-1173 

Professor  Peter  Dervan 
Department  of  Chemistry 
California  Institute  of  Technology 
Pasadena,  CA  91125 

Professor  Francois  N.  Diederich 
Department  of  Chemistry 
University  of  California 
405  Hilgard  Avenue 
Los  Angeles,  CA  90024 

Professor  Dennis  A.  Dougherty 
Department  of  Chemistry 
California  Institute  of  Technology 
Pasadena,  C A  91125 

Professor  Kenneth  M.  Doxsee 
Department  of  Chemistry 
University  of  Oregon 
Eugene,  OR  97403 

Dr.  Regis  J.  Ebner,  Jr. 

Director  of  Finance 
Materials  Research  Society 
9800  McKnight  Road,  Suite  #27 
Pittsburgh,  PA  15237 

Professor  Margaret  C.  Etter 
Department  of  Chemistry 
University  of  Minnesota 
207  Pleasant  Street,  S.E. 
Minneapolis,  MN  55455 

Professor  Wilmer  K.  Fife 
Department  of  Chemistry 
Indiana  University 
1 125  East  38th  Street 
P.O.  Box  647 
Indianapolis,  IN  46223 

Professor  Samuel  H.  Gellman 
Department  of  Chemistry 
University  of  Wisconsin 
Madison,  WI  53706 


ORGANIC  CHEMISTRY  &  MOLECULAR  RECOGNITION  -  Distribution  List,  Page  2 


Professor  Andrew  D.  Hamilton 
Department  of  Chemistry 
University  of  Pittsburgh 
Pittsburgh,  PA  15260 

Prof.  Mark  J.  Hampden-Smith 
Department  of  Chemistry 
University  of  New  Mexico 
Albuquerque,  NM  87131 

Professor  William  E.  Hatfield 
Department  of  Chemistry 
University  of  North  Carolina 
Chapel  Hill,  NC  27514 

Dr.  Kelvin  Higa 
Chemistry  Division 
Research  Department 
Naval  Weapons  Center 
China  Lake,  CA  93555 

Professor  Kenneth  D.  Karlin 
Merryman  Hall  146 
The  Johns  Hopkins  University 
34th  &  Charles  Streets 
Baltimore,  MD  21218 

Professor  Arthur  E.  Martell 
Department  of  Chemistry 
Texas  A&M  University 
College  Station,  TX  77843-3255 

Professor  Thomas  J.  McCarthy 
Department  of  Polymer  Science 
University  of  Massachusetts 
Room  701  Graduate  Research  Center 
Amherst,  M A  01003 
R&T  Code  400x015 

Dr.  Stephen  W.  McElvany 
Code  6113,  Chemistry  Division 
Naval  Research  Laboratory 
Washington,  DC  20375-5000 

Professor  Lisa  McElwee- White 
Department  of  Chemistry 
The  Leland  Stanford  Junior  Univ. 
Stanford,  CA  94305 

Professor  Theordore  G.  Pavlopoulos 
Naval  Ocean  Systems  Center 
Code  521  (B-lll) 

San  Diego,  CA  92152-5000 


Professor  William  S.  Rees,  Jr. 
Chemistry  Division 
The  Florida  State  University 
Tallahassee,  FL  32306-3006 

Professor  Peter  Schultz 
Department  of  Chemistry 
University  of  California 
Berkeley,  CA  94720 
R&T  Code  413J005 

Dr.  Alok  Singh 

Ctr.  for  Bio/Molec.  Science  Eng. 
Department  of  the  Navy 
Naval  Research  Lab.,  Code  6090 
Washingotn,  DC  20375-5000 

Dr.  Michael  L.  Sinnott 
Unviersity  of  Brisol 
School  of  Chemistry 
Cantock’s  Close 
Briston,  England  BS8  ITS 

Dr.  Timothy  M.  Swager 
Departmentof  Chemistry 
University  of  Pennsylvania 
Philadelphia,  PA  19104-6323 

Professor  Richard  L.  Wells 
Department  of  Chemistry 
Duke  University 
Durham,  NC  27706 

Professor  Jeffrey  D.  Winkler 
Department  of  Chemistry 
The  University  of  Chicago 
5735  S.  Ellis  Avenue 
Chicago,  IL  60637 

Professor  Jeffrey  D.  Zubkowski 
Department  of  Chemistry 
Jackson  State  University 
P.O.  Box  17910,  1400  Lynch  St. 
Jackson,  MS  39217 


